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Escherichia coli, controls heterocyst pattern formation in the
cyanobacterium Anabaena 7120
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ABSTRACT In Anabaena 7120, heterocysts (cells special-
ized for nitrogen fixation) develop at the ends of filaments and
at intervals within each fiament. We have isolated a mutant
Anabaena strain that develops heterocysts mostly at the ends of
filaments. This mutant, PAT-1, grows poorly under nitrogen-
fixing conditions. The wild-type gene that complements the
mutation in PAT-1, calledpaL4, was cloned and sequenced. The
predicted PatA protein contains 379 amino acids distributed
among three "domains" based on predictions of hydropathy
and flexibility. The carboxyl-terminal domain is very similar to
that of CheY and other response regulators in two-component
regulatory systems in eubacteria. The pat4 mutation sup-
presses the multiheterocyst phenotype produced by extra cop-
ies of the wild-type hetR gene described previously, suggesting
that PatA and HetR are components of the same environment-
sensing regulatory circuit in Anabaena.

Anabaena 7120 is a member of the class of filamentous
cyanobacteria that are capable of both photosynthesis and
nitrogen fixation under aerobic conditions. In the presence of
a source of combined nitrogen, Anabaena 7120 grows in
continuous chains of vegetative cells. When the filaments are
deprived of fixed nitrogen, some cells differentiate into
thick-walled cells called heterocysts that become capable of
nitrogen fixation (1). The heterocyst provides a strictly
anaerobic environment that is required by the nitrogen-
fixation machinery (2).

In the laboratory, Anabaena 7120 differentiates hetero-
cysts both terminally and internally at intervals of -10 cells,
although the intervals are slightly longer in older cultures.
Division of vegetative cells widens the space between het-
erocysts, but the spacing pattern is maintained by the for-
mation of additional heterocysts midway between two exist-
ing heterocysts (3, 4). The placement of heterocysts can be
altered by physical breakage of the filaments, by modulation
of the light intensity, or by treatment with chemicals such as
7-azatryptophan (5) or rifampicin (4). Apparently, many, if
not all, of the cells in a filament have the potential to develop
into heterocysts. The mechanism that allows cells only at
certain positions in the filament to differentiate into addi-
tional heterocysts must involve intercellular communication.
It has been suggested that the establishment and maintenance
ofthe heterocyst spacing pattern depend on (i) the interaction
between diffusible substances that originate in the heterocyst
and move along the filament and (ii) other factors, presum-
ably proteins, that both interact with the diffusible substances
and control, directly or indirectly, gene expression (6-8).

Mutations affecting the heterocyst pattern have been iden-
tified in several Anabaena strains (9, 10). In one case, the
mutant produces no heterocysts under inducing conditions

(10). The wild-type gene complementing this mutation, called
hetR, was cloned and sequenced (11). When an extra copy of
the wild-type hetR gene carried on a plasmid was introduced
into wild-type cells, the heterocyst frequency was increased
due to the induction ofheterocysts in strings oftwo, three, or
more cells (11). The expression of hetR occurs only in the
cells that are going to differentiate into heterocysts, as seen
by chemiluminescence in cells containing a lux gene fused to
the upstream region of the hetR gene (12).
Here, we describe another mutant of Anabaena 7120,

called PAT-1, that differentiates heterocysts mostly at the
ends of filaments. The sequence of the gene patA that
complements the mutation in PAT-1 shows it to be related to
che Y, a component of an environment-sensing regulatory
circuit in Escherichia coli (13, 14). The patA mutation sup-
presses the multiheterocyst phenotype of the extracopy hetR
strain.

MATERIALS AND METHODS
Bacterial Strains and Growth Conditions. E. coli strains

MC1061 and DH5a were used as the hosts for plasmid
preparation and for conjugal transfer of DNA to Anabaena
(15). For selective growth, Luria broth was supplemented
with antibiotics at the following concentrations: ampicillin at
100 ,ug/ml, kanamycin at 50 ,ug/ml, chloramphenicol at 10
jug/ml, and spectinomycin at 20 ,ug/ml. Anabaena 7120 and
its mutants were grown in BG-11 medium (16). For plate
culture, the BG-11 liquid medium was supplemented with 10
mM Hepes buffer, pH 8.0/1 mM NaS203/1.5% agar (BBL
purified; Becton Dickinson). For selective growth, antibiot-
ics were added to final concentrations of 30 Ag/ml (neomy-
cin), 10 gg/ml (chloramphenicol), and 5 ug/ml (erythromy-
cin). A combination of spectinomycin and streptomycin was
used at a final concentration of 2 gg/ml each.

Mutagenesis and Isolation ofMutants. TnS mutagenesis was
done as described (17). E. coli strain MC1061 was succes-
sively transformed with plasmids pRK24, pRL528, and
pBR322::TnS. Equal volumes of E. coli and Anabaena cell
suspensions were mixed and spread on a nitrocellulose
membrane placed on BG-11-agar plates, grown for 3 days, at
which time the membranes were transferred to other BG-11
plates containing neomycin (30 ,ug/ml). When well-separated
green colonies appeared (-2 weeks), the membranes were
transferred to BG-11 N- plates. Colonies that turned yellow
around the edges (Fix- phenotype) were picked and main-
tained on BG-11 plates.
Complementation of Mutant PAT-1. Complementation of

mutant PAT-1 with the cosmid bank containing fragments of

Abbreviation: ORF, open reading frame.
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wild-type DNA was conducted essentially as described (10).
A similar procedure was used for subsequent confirmatory
complementation. For this procedure, the E. coli donor
carried plasmids pRK24, pRL528, and the complementing
plasmid. After 3-day incubation on a BGi1-agar plate, the
membrane was transferred to a BG11-N- plate containing
neomycin at 30 ,ug/ml. Successful complementation gives
rise to a green cell lawn, whereas the mutant culture exhibits
a yellow-green color.
DNA Subcloning. The DNA ofa cosmid that complemented

mutant PAT-1 was partially digested with Sau3AI and frac-
tionated by agarose gel electrophoresis. Fragments of 1-2,
2-4, and 4-14 kilobases (kb) were isolated with a GeneClean
kit (Bio 101, La Jolla, CA) and separately ligated into the
BamHI site of pCCB110 (a derivative of the shuttle vector
pRL25c with the polylinker of pIC20R inserted into the
EcoRI site; C. Bauer, personal communication). The plasmid
banks were subsequently conjugated into Anabaena mutant
PAT-1 for the complementation test.
DNA Sequence Analysis. Plasmids pJHLb-5 and pJHLb-10

complement mutant PAT-1 and contain the same 2.7-kbDNA
fragment inserted in the opposite orientation in the vector
pCCB110. Nested deletions were constructed by using an
Erase-a-Base kit from Promega. Complete sequences of both
strands were determined by using the sequencing kit from
United States Biochemical and are available from GenBank
under accession number M87501. Sequences were analyzed
with the University of Wisconsin Genetic Computer Group's
software package and programs written by William Buikema
(University of Chicago) and Conrad Halling (University of
Chicago) for the Apple Macintosh.

Insertional Mutation of the paL4 Gene in Anabaena. The
2.7-kb fragment of Anabaena DNA in pJHLb-5 was sub-
cloned into EcoRI/Pst I-digested pUC18 to create pJHL105.
The Spcr/Smr fQ cassette from pDW9 (18) was placed into the
HindIII site in patA in pJHL105 to produce pJHL106. The
entire 2.7-kb fiagment with the inserted ft cartridge was then
isolated from pJHL106 by Pst I and Sst I digestion and ligated
into pRL271 (19), which carries Cmr and Emr genes and the
sacB gene of Bacillus subtilis, treated with the same en-
zymes. The resultant plasmid, pJHL107, was mobilized into
Anabaena 7120 by conjugation as described above. Excon-
jugants were selected on BG-11 plates containing spectino-
mycin and streptomycin. Double recombinants that contain
only the interrupted copy of the patA gene were obtained by
screening 100 Spcr/Smr colonies on BG-11 plates containing
Cm (10 ,ug/ml) and Em (5 ,ug/ml). Southern hybridization to
genomicDNA digests ofboth single and double recombinants
confirmed these constructions.
PCR Amplification of the Mutant Copy of the patA Gene. A

1.8-kb fragment containing the entire patA gene from the
mutant strain PAT-1 was amplified by using the techniques
recommended by the supplier of the GeneAmp kit (Perkin-
Elmer/Cetus). In making primers, five nucleotides were
added to the 5' end of each primer to create a BamHI or Bgl
II restriction site for the convenience of subsequent cloning.
The 1.8-kb PCR fragment was cut into five short sections with
Sau3AI and cloned into theBamHI site ofpUC18. Sequences
of these fragments were determined as described above.

Microscopy. Morphological examination and photomicros-
copy of Anabaena cells were conducted with a Zeiss Ax-
ioskop microscope equipped with differential-interference-
contrast (Nomarski) and phase-contrast optics.

RESULTS
Isolation of Mutants Altered in Heterocyst Spacing Pattern.

We tried to introduce the transposon TnS carried on pBR322
into wild-type Anabaena 7120 cells by using the conjugation
system developed by Elhai, Wolk, and coworkers (20, 21).

Exconjugants that were resistant to neomycin (30 jg/ml)
were screened for their ability to grow on N- plates. Colonies
that gradually turned yellow around the edges, the expected
Fix- phenotype, were picked and maintained on N+ plates.
These Fix- mutants were examined under the microscope.
Two mutants, among 89 examined, exhibited altered hetero-
cyst-spacing patterns. One mutant forms many more hetero-
cysts than the wild type, whereas the other mutant forms
fewer heterocysts. The latter is the subject of this report;
studies of the other mutant will be reported elsewhere.
Although the mutant, called PAT-1, was originally picked

from neomycin-resistant colonies, it became neomycin-
sensitive subsequently. This neomycin sensitivity could be
caused by a mutation in the gene coding for the antibiotic
resistance or could be from the loss of Tn5 from the chro-
mosome. To test these possibilities, we used an internal
fragment of the npt gene of Tn5 to probe HindIII- and/or
EcoRI-digested chromosomalDNA ofboth wild-type and the
mutant PAT-1. No signal was detected by autoradiography
(data not shown). The lack of a TnS insertion in the chro-
mosome of the mutant strain was further confirmed by
Southern hybridization of the patA gene to HindIII-digested
chromosomal DNA (data not shown), which showed no
difference in the size of the patA-containing bands in either
strain. Thus, the mutation in PAT-1 either is spontaneous or
is due to the insertion and subsequent excision of TnS. DNA
sequencing (see below) suggests the mutation to be the
former.

Strain PAT-1 grows as well as the wild type in medium
containing either NH4Cl or NaNO3. Under these conditions,
the two strains are morphologically identical. In the absence
of fixed nitrogen, mutant PAT-1 grows poorly, presumably
due to the low frequency of heterocysts (Fig. 1), although the
specific activity of nitrogenase, as measured by acetylene-
reduction assay, is comparable to that of the wild type (data
not shown). Upon induction, heterocysts initially differenti-
ate at the ends of filaments. The formation of the terminal
heterocysts seems independent of the filament length be-
cause every filament ranging from 3 to 15 cells in length,
resulting from sonication of the PAT-1 strain, has at least one
heterocyst on one end; most have heterocysts at both ends.
A few intercalary heterocysts form in a later stage of growth
when the filaments contain >100 cells. In contrast, under the
same growth conditions, wild-type filaments differentiate
both terminal and internal heterocysts at intervals of me'10
cells. The heterocysts of strain PAT-1 are morphologically
indistinguishable from those of wild type, based on electron
microscopy of thin sections (K. Black, personal communi-
cation).
Complementation of the Mutation. The strain PAT-1 was

complemented by conjugation with a cosmid library of wild-
type DNA fragments, selecting for rapid growth on medium
lacking combined nitrogen (10). Fifteen cosmids isolated
from complemented colonies contained a common 10-kb
fiagment. One of these cosmids was partially digested with
Sau3AI, and the resultant fragments of 1-2, 2-4, and 4-14 kb
were subcloned into the shuttle vector pCCB110. Comple-
mentation of strain PAT-1 by using these three fragment-
libraries resulted in the isolation of plasmids from the com-
plemented cells that shared a 1.7-kb region. The complete
DNA sequence ofplasmids pJHLb-5 and pJHLb-10, carrying
the same 2.7-kb insert in opposite orientations, was deter-
mined. Fig. 2 shows that this fragment contains a complete
open reading frame (ORF) of 1.1 kb and a partial ORF on the
5' end (data not shown). To confirm that the 1.1-kb ORF was
the gene responsible for complementing the mutation, serial
deletions from both ends were constructed and used in
complementation experiments. The plasmids in which the
deletions entered the ORF did not complement the mutation,
whereas the plasmids containing the intact ORF did. Thus,
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FIG.. 1. Differential-interference-contrast micrographs of Ana-
baena 7120 filaments 2 days after transfer to nitrogen-free medium.
(A) Wild type, in which heterocysts are spaced about 10 cells apart.
(B) Mutant PAT-1 (note absence of intercalary heterocysts). (C)
Strain in which the patA gene is interrupted by the cassette. This
strain appears the same as PAT-1. (Bar = 10 gm.)

the 1.1-kb ORF represents the gene required for proper

heterocyst-pattern formation. This gene was named patA (for
pattern).

Sequence ofpatA. Nested deletions were constructed start-
ing with plasmids pJHLb-5 and pJHLb-10. The complete
sequence of both strands of the insert DNA was determined.
Fig. 3 presents the DNA sequence of patA and part of its
upstream sequence. The patA gene encodes a protein of 379
amino acids that include 8.8% acidic residues and 12.3%
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FIG. 2. Physical map of the cosmid containing the patA gene, the
2.7-kb fragment that was sequenced, and the deletions used for
complementation of the mutation in PAT-1. Horizontal arrow indi-
cates the direction of transcription of the patA gene. +/- signs on
right indicate whether a plasmid corresponding to the thin horizontal
line did or did not complement the mutation in PAT-1. The frameshift
in PAT-1 is located at the star (*) within the patA box.

ITTAATCGGTTGAACAATTTTTCTGTTTGACATCATGAAACTATTCCACTCAGGAGA 60

GTAGCACTGACGGTGTAGAACTCTCCTGAGTGGAAAGATTGGCGTGAAAATAAAAAATAA 120

AGACTAACTGTGTTGACTTAACTGTAAATTGCTGAACTTAGGTAAATATATTCTCAGAAA 180
TACATTTACCTACAGGAAAAGCCTTTTCCCTAATTTTTATTTTAAATCTTGATTTAATAA 240

CAGAGCGATTGCCATGAAAACACTT999&=TQATACAGATTTTCTCAGAAAATACA 300
M K T L P I T R Y R F F Q K I Q

ACCCCTATC TATAAAAAAAATAACTGGGAAGACAATCACTGGTTGTCTACAAGTATT 360
P L S L L K K I T G X T I T G C L Q V F

TAGTACTTCAGGTACCTGGTCTATATACGTAGAAGAGGGTAAGCTAATTTATGCCTGTTA 420
S T S G T W S I Y V E E G K L I Y A C Y

TTCAGAGAGGATGTTTGAACCTCTTTATAGACATTTGGGAAATTTAAGCCCACAAATTGC 480
S E R M F E P L Y R H L G N L S P Q I A

AACCCTACCTAAAGAAATTAACGAGCAGTTAAGAGCAATCTTTGAAACAG6AATTGAAAA 540
T L P K E I N E Q L R A I F E T G I E N

TCAAGCAATACCCAATCCTGATTATTTAGCTATTTGTTGGTTAGTCAATCAGAAATATAT 600
Q A I P N P D Y L A I C W L V N Q K Y I

TAGTTCTTCACAAGCAGCTGTTCTTATAGAACAATTAGCATTAGAAGTAGTAGAATCATT 660
SS S Q A A V L I E Q L A L E V V E S F

TCTCATGCTGGAAGAAGGAAGTTATGAATTTATTCCTGAAAGTTTTTThAGI5ATTGCC 720
L M L E E G S Y E F I P E S F L D D L P

TAAATTTTGCTATCTGAATGTTCGGTTATTAGTAGAACAGTGTCAACAGCATGGGCGTGT 780
K F C Y L N V R L L V E Q C Q Q H G R V

TCCGGAAGCATTCCGCAGAGAAGCTTCCAGTCAAGAGATATCTTCATCTACAGAACATAA 840
P E A F R R E A S S Q E I S S S T E H N

CCAGATACCAGTTAACAACAGACGTAGEACCAAATTTACATCTCCTCCTCATACTCAGCC 900
Q I P V N N R R S T K F T S P P H T Q P

TAAGCCTGAGCCACGCTTACCGCAAATAAATACTAATAAATCTACAGAATATTCAAAGCG 960
K P E P R L P Q I N T N K S T E Y S K R

TTACGCATCTCAACCTAATACTGTCAATCATGGATACTCACAGACATCTGCCACATCTAC 1020
Y A S Q P N T V N H G Y S Q T S A T S T

TGATAAAAAAATCTATACAATCTTTTGTATTGATGAGAATCCAATTGTGCTAAATAATAT 1080
D K K I Y T I F C I D E N P I V L N N I

TAAAAACITlTTTAGATGCAAATATTTGCAGTAATTGGTGTTACAGATTCTCTAAAAGC 1140
K N F L D D Q I F A V I G V T D S L K A

ATTAATGGAAATTCTCTGTACAAAGCCAGATATCATTTTGATCAATGTTGATATGCCTGA 1200
L M E I L C T K P D I I L I N V D M P D

TTTAGACGGCTATGAGTTATGTTCTTTATTACGCAAACATTCATATTTTAAAAACACACC 1260
L D G Y E L C S L L R K H S Y F K N T P

TGTGATTATGGTGACAGAAAAAGCTGGACTAGTTGATAGAGCGAGAGCAAAGATAGTCAG 1320
V I M V T E K A G L V D R A R A K I V R

AGCATCAGGTCACTTAACTAAACCTTTTAATCAAGGTGATTTGCTAAAAGTAATTTTTAA 1380
A S G H L T K P F N Q G D L L K V I F K

ACACATTACGTAATATCAACTATTACCAATTACCCATTACCTTCTTAGATGTAGATACAT 1440
H I T *

FIG. 3. Nucleotide sequence ofpart ofthe 2.7-kb fragment shown
in Fig. 2. The double underlines and wavy underlines in the first five
rows indicate inverted repeats. The overlined sequence is comple-
mentary to the 3' end of 16s rRNA. The star (*) indicates the position
at which an adenine is inserted to create a frameshift in the PAT-1
strain. The underlined sequences within the coding region are direct
repeats that result in repetition of the amino acid sequence FLDD.
The residues in boldface type correspond to the conserved D and K
residues of the CheY family of regulator proteins.

basic residues. Analysis of the derived protein sequence by
the PLOT.A/HYD program (provided by P. Markiewicz, Uni-
versity of California, Los Angeles) using the Kyte/Doolittle
parameter set (22) revealed that the overall hydrophobicity of
the protein can be divided into three distinguishable regions.
Although the region between residues 168 and 259 is hydro-
philic, the amino-terminal and the carboxyl-terminal parts
alternate between hydrophobic and hydrophilic segments
(Fig. 4). Analysis of the same sequence by PLOT.A/KAS (a
flexibility predictor, also provided by P. Markiewicz) indi-
cated that the middle part of the protein (residues 168-259) is
more flexible than its flanking sequences (data not shown).
The nucleotide sequence contains three pairs of repeated

sequences in the coding region and the upstream region. One
pair is a direct repeat of 12 nucleotides (TTTTTAGATGAT)
in the coding region. A second pair is an inverted repeat of 16
nucleotides (TTCCACTCAGGAGAGT) in the upstream re-
gion, and the third pair is also an inverted repeat of 12
nucleotides (TCTAGTAATCGG) with one-half in the up-
stream region and the other half in the amino terminus of the
patA-coding region. No function has been ascribed to these
repeats so far. A putative ribosome-binding site is located
three bases upstream of the first ATG codon.
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FIG. 4. Hydropathy plot ofthe PatA protein. The ordinate shows
hydrophobicity calculated according to Kyte and Doolittle (22) with
a window of seven residues. PatA sequence similarity to the CheY
protein of E. coli begins at residue 256 (see Fig. 5), just beyond the
junction between the central hydrophilic region and the carboxyl-
terminal third of PatA. pho, Hydrophobicity; phi, hydrophilicity.

A Region of PatA Is Homologous to CheY. The predicted
amino acid sequence ofPatA was compared with the patterns
derived from the sequences ofhomologous protein families in
the European Molecular Biology Laboratory Swiss-Prot pro-
tein sequence data base (release 13) by using the PLSEARCH
program (release no. 4, developed by R. F. Smith and T. F.
Smith, Molecular Biology Computer Research Resource,
1990) (23). This search identified significant similarity be-
tween the carboxyl-terminal region of PatA and the CheY
protein of E. coli (13). The carboxyl-terminal fragment of
PatA was subsequently compared with the protein sequences
in GenBank (release no. 70) with the computer program
FASTA (24). High similarity was found between the carboxyl-
terminal region of PatA and the amino-terminal regions of a
group of proteins involved in bacterial sensory-transduction
systems. No significant similarity was found between the
amino-terminal region of PatA and any other proteins in the
data base. Fig. 5 shows pairwise alignments of PatA with
CheY and OmpR with the computer program CLUSTAL.
CheY, for which the x-ray crystal structure has been solved,
is a small regulator protein of 129 amino acids; it is composed
of a central core of five parallel (8-strands and an outer layer
of five a-helices (26). Residues Asp-12, Asp-13, Asp-57, and
Lys-109 of CheY, which all appear at the carboxyl end of the
(3-sheets, are conserved at the corresponding positions in
most of the response regulator proteins (27) and in PatA.

Strain PAT-1 Contains a Frameshift Mutation in patA.
Because no TnS was detected in the chromosomal DNA of
strain PAT-1, the nature of the mutation was of interest. We
made two primers and amplified a 1.8-kb fragment of the

Ec CheY MADKELK-FLVDDFSTMRRIVRNLLKELGFNNVEEAEDGVDAL
*11** ** *1* *** * **I*I** 1* ***1***11

An PatA >TDKKIYTIFCIDENPIVLNNIKNFLDDQIFA-VIGVTDSLKAL
** 1*1* *1** * * ****I**I 1* *1*** *

St OmpR MQEN--YKILWDDDMRLRALLERYLTEQGFQ-VRSVANA--EQ

Ec CheY

An PatA

St OnpR

Ec CheY

An PatA

St COmpR

NKL--QAGGFGFIISDWNMPNMDGLELLKTIRADSAMSALPVLM
** ** *1 1 1~**1I1 * *1 *1 *** 11*1

MEILCTKPDIILINVDM--PDLDGYELCSLLRKHSYFKNTPVIM
1* 1* ** 1* *1* 1* 11 **I* 11**1 * 1*11
MDRLLTRESFHLMVLDIMLPGEDGLSICRRLRSQS--NPNPIIM

VTAEAKKENIIAAAQAGASGYVVKPFTAATLEEKLNKIFEKLGM
II1**I * * III1***1 1I****I 1* 1I1****
VTEKAGLVDRARRKIVRASGHLTXPFNQGDL---LKVIFKHIT
II *1** II1 * I*****11IIII* *1 ** **** *
VTAKGEEVDRIVGLEBIGADDYIPKtPFNPRELLARIRPVLRRQ>>

FIG. 5. Comparison of the amino acid sequences of Anabaena
PatA (An PatA) (residues 256-379), all of E. coli CheY (Ec CheY)
(13), and the amino-terminal region of OmpR from Salmonella
typhimurium (St OmpR) (25). Identical residues are indicated by
vertical bars, similar residues are shown by stars, and the critical
aspartate and lysine residues are in boldface type. The analysis was
done by using the computer program CLUSTAL with the standard Pam
250 matrix for proteins and gap penalty of 10.

chromosomal DNA isolated from strain PAT-1, including the
entire patA ORF and its flanking sequences. DNA sequence
analysis of the PCR product indicated that strain PAT-1
contains a frameshift mutation in thepatA gene caused by the
addition of a single adenine to a stretch of eight adenines at
positions 316-323 in Fig. 3. The altered reading frame ter-
minates 40 nucleotides downstream of the shift point. To be
certain that the frameshift mutation was not created during
the PCR amplification of PAT-1 DNA, a 3.8-kb Nhe I-Kpn I
fragment containing the 5' part of the patA gene from PAT-1
DNA was cloned into pUC18. This DNA was sequenced
directly, using a 21-base primer annealed to the region
immediately upstream ofthe first AUG in the PatA ORF. The
sequence obtained confirmed the addition of an adenine
between positions 316 and 323 in strain PAT-1.

Insertional Mutagenesis of patA. To confirm that inactiva-
tion of the patA gene is sufficient to cause the observed
phenotype in strain PAT-1, a streptomycin/spectinomycin-
resistance cassette was inserted at the HindIII site in patA in
wild-type Anabaena 7120. The interruption was confirmed by
Southern hybridization of the 1.4-kb Spe I fragment contain-
ing the entire patA gene to Spe I-digested chromosomalDNA
isolated from a streptomycin/spectinomycin-resistant Ana-
baena 7120 colony (data not shown). This constructed inser-
tional mutant grows as well as wild-type cells in N+ medium
but grows poorly in N- medium. Like strain PAT-1, the
insertional mutant forms mostly terminal heterocysts (Fig. 1).
Therefore, the patA gene is not required for vegetative
growth but only for patterned heterocyst differentiation.

Expression of pa&A. Total RNAs were isolated from Ana-
baena 7120 cells induced for heterocyst formation for 0, 3, 6,
12, and 24 hr. After resolution on an agarose gel and transfer
to a nylon membrane, the RNAs were probed with the 1.4-kb
Spe I fragment containing patA. Fig. 6 shows that a 1.4-kb
band hybridizing to the probe was seen in all the RNA
samples. Between 3 and 6 hr the abundance of the 1.4-kb
band increases slightly. This pattern of expression resembles
that ofthe hetR gene (11). The blot in Fig. 6 had to be exposed
to film for >2 weeks, suggesting that thepatA gene transcript
is much less abundant than the hetR gene transcript, which
appears in exposures of <1 day (11). The size of the mRNA
indicates that patA is not cotranscribed with any other gene.

Suppression of the Extracopy hetR Phenotype. When the
wild-type hetR gene is introduced into wild-type Anabaena
7120 on a plasmid, the pattern of heterocyst differentiation is
severely perturbed (11). Filaments differentiate heterocysts
in medium containing NH4+ or NO3-. Cultures induced by

1*s
a

4-,0

FIG. 6. Expression of the patA gene. The RNA blot shown
contained total RNA (40 gg in each lane) prepared from wild-type
Anabaena 7120 starved for combined nitrogen for 0, 3, 6, 12, or 24
hr. The probe was a 1.4-kb Spe I fragment containing patA (see Fig.
2). The 1.4-kb patA mRNA is seen in all lanes, increasing in
abundance after 3 hr of induction. The film was exposed for 16 days.
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nitrogen starvation differentiate strings of heterocysts con-
taining two, three, or more cells (11). When the same
hetR-containing plasmid was conjugated into the patA mu-
tant strain, the resulting exconjugants retained the PAT-1
phenotype, with single heterocysts at the ends of filaments,
only under inducing conditions.

DISCUSSION
The patA Mutation in Strain PAT-1. The original mutation

in strain PAT-1 is a frameshift resulting from addition of an
adenine to a string of adenines. This result appears to be a
spontaneous mutation ofthe type arising from slippage during
replication rather than an insertion due to movement of
transposon TnS in and out of the chromosome. Thus, the
mutation is probably not related to the initial selection for
neomycin resistance. However, the Fix- phenotype is due to
the patA mutation because it is complemented only by the
complete patA gene, and the phenotype can be duplicated by
interruption of the patA gene in a wild-type strain. A mutant
with a similar phenotype was described in a different Ana-
baena strain many years ago, but molecular methods for
genetic analysis were not available then, and the mutant has
not been studied further (9).

Function of the pat4 Gene. The patA gene product is
required for the differentiation of intercalary heterocysts but
not for terminal heterocysts. The terminal heterocysts that
develop in the PAT-1 strain are morphologically normal at
both the light microscope and electron microscope level, and
they are capable of nitrogen fixation. A patA mutant grows
slowly on N- medium because the heterocysts cannot supply
the need of the entire filament for fixed nitrogen. Although
the patA gene is transcribed during growth on fixed nitrogen,
it is not needed for that growth. After a switch to nitrogen
starvation conditions, it is transcribed more abundantly. The
patA gene transcript is at least an order of magnitude less
abundant than the hetR gene transcript at all times tested.
The presence of both transcripts in vegetative cells is con-
sistent with the participation of their products in an environ-
ment-sensing regulatory circuit. In enterobacteriaceae, for
example, both ntrB and ntrC are transcribed at a basal level
under nitrogen-replete conditions, but the abundance of both
gene transcripts increases during nitrogen step-down as a
consequence of readthrough from the ginA promoter that
they activate (28).
Given the sequence similarity between PatA and the CheY

family of regulatory proteins, we might suggest that PatA is
a transcription activator controlled by phosphorylation of an
aspartate residue (29). HetR might also be a component ofthe
environment-sensing system. But these two proteins cannot
be obligatorily linked to the transcription of genes required
for heterocyst differentiation because the patA mutation
permits terminal heterocyst differentiation-i.e., the hetR
gene functions in those terminal cells. On the other hand, the
patA mutation prevents the consequences of the overexpres-
sion of hetR in intercalary cells in the extracopy hetR strain.
These observations suggest that PatA is required to interpret
the environment only in intercalary cells.
The PatA Protein. The carboxyl-terminal third of the PatA

protein is similar in sequence to CheY, including the three
conserved aspartate residues that constitute the acid pocket,
which forms the phosphorylation site ofCheY, and one lysine

residue (13, 26). Most of the response regulator proteins of
the two-component systems have their phosphorylation sites
in the amino-terminal part ofthe protein (27). These proteins,
except for CheB (a substrate for the CheA kinase that also
phosphorylates CheY), activate transcription when phos-
phorylated. CheY is much smaller than the transcription
activators, consisting of only the conserved phosphorylation
domain. CheY activates the flagellar motor, rather than
transcription (14). PatA also differs from the transcription
activators, having its putative phosphorylation site in its
carboxyl-terminal third.
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